INTRODUCTION
Deposition of amyloid β-protein (Aβ) in the brain is one of the pathological hallmarks of Alzheimer's disease (AD) and has been considered to play a critical and possibly causal role in the development of AD [1] . The genetic abnormalities that account for the build-up of Aβ deposits have been identified in some cases of familial AD, such as mutations in the genes encoding Aβ precursor protein (AβPP), presenilin-1 (PS1) and presenilin-2 (PS2), all of which engage in Aβ production. Overexpression of the mutant forms of AβPP in transgenic mice led to AD-like phenotypes including cerebral Aβ deposits and behavioral deficits. Immunization of AD mouse models with synthetic Aβ peptide prevents or reduces Aβ deposits and attenuates memory and learning deficits in animal models of AD [2] . Clinical trials of Aβ vaccination, however, had to be halted because a subset of vaccinated patients (6%) developed brain inflammation presumably induced by T-cell-mediated and/or Fcmediated immune responses [2] [3] [4] [5] [6] . Peripheral administration of anti-Aβ antibodies (passive immunization) also induced clearance of preexisting amyloid plaques in an AD mouse model [7] indicating that an active T-cell-mediated immune response is unnecessary. Thus, passive immunization with anti-Aβ antibody is thought to be a therapeutic option for AD. These earlier studies using AD mouse models suggested Fc receptor-mediated phagocytosis by microglia as the mechanism of Aβ clearance [2, 7] . Topical injection of F(ab′) 2 against Aβ, however, cleared amyloid deposits in an AD mouse model, also [8] . The degree of amyloid clearance by Aβ immunization in an Fc receptor-deficient AD mouse model is similar to that in an Fc receptor-sufficient AD mouse model [9] . These results indicate that amyloid clearance by Aβ immunization does not require Fc-receptor-mediated phagocytosis and that anti-Aβ antibodies without Fc may be a safer treatment due to lack of Fc-mediated immune responses. Reports of human clinical trials indicate that Aβ immunotherapy is effective in clearing Aβ deposits and improving cognitive deficits in a subset of AD patients [3, 6, [10] [11] [12] . Thus, it is important to find a safe, effective immune therapy.
Single chain antibodies (scFvs) lack Fc and are comprised of an antibody heavy chain variable domain linked by a flexible polypeptide linker to a light chain variable domain. By screening the human scFv library, we previously isolated scFvs with high anti-Aβ titers. These scFvs specifically reacted with amyloid plaques and oligomeric Aβ [13] . We previously injected the protein form of a scFv with the highest titer, scFv59, or the scFv59encoding recombinant adeno-associated virus (rAAV) (Serotype 2) into the corticohippocampal regions of an AD mouse model. In these experiments, expression of scFv was confined to the area in the vicinity of the injection sites, resulting in the limited efficacy in reducing cerebral Aβ deposits [13, 14] . In the present study, first we injected three serotypes of rAAV (1, 2 and 5) encoding scFv59 into the right lateral ventricle of mice and then determined levels of scFv59 expression and cytotoxicity in the brain in order to optimize scFv59 brain delivery. Following optimization, we evaluated therapeutic effects of scFv59 delivery on Aβ clearance and safety in an AD mouse model using optimized rAAV.
MATERIAL AND METHODS

Recombinant adeno-associated virus preparation
Expression of plasmid vectors, pAAV-CAscFv59 and pAAV-CAscFv-Gag, for rAAV production were described previously [14] . Briefly, pAAV-CAscFv was constructed by cloning scFv cDNA under the control of cytomegalovirus enhancer/β-actin promoter in a rAAV expression plasmid. In the vectors, the Kozak sequence and woodchuck hepatitis virus post-transcriptional regulatory element were included to increase the transcription and translation efficiency, respectively. FLAG-His tag was placed at the C-terminal ends of scFv as a marker. pAAV-CAscFv59 encodes scFv59 that reacts with oligomeric Aβ as well as Aβ deposits in the brain [13] . pAAV-CAscFv-Gag encodes scFv-Gag that binds to HIV Gag [14] . Using the calcium phosphate transfection method as previously described [15] , HEK293 cells were transfected with pAAV-CAscFv59 and one of the following helper plasmids, pDP1, pDG, and pDP5, to produce pseudotyped rAAV1, rAAV2 and rAAV5 encoding scFv59, respectively. The helper plasmids carried both the AAV2 rep2 gene and one of the serotype specific cap genes [15] . Produced viral particles were released from the cells by rapid freeze and thaw and purified by iodixanol gradient centrifugation. The iodixanol gradient fraction was further purified by HPLC using a 5-ml HiTrap Q column (GE Healthcare, Piscataway, NJ) as described before [16] . A control rAAV5 encoding scFv-Gag was similarly prepared. The titers of rAAV virions that contained the vector genomes were determined by the quantitative dot-blot assay as described previously [14] .
Experimental animals and stereotaxic injection of rAAV-scFvs
C57BL/6 mice (6-8 weeks old) purchased from Jackson Laboratory (Bar Harbor, ME) were used to optimize intracranial delivery of scFv59 by testing 3 differently pseudotyped rAAVs. Mice were randomly assigned to 4 treatment groups in such a manner as there was no significant intergroup difference in body weight: PBS, rAAV1-CAscFv59, rAAV2-CAscFv59 and rAAV5-CAscFv59 group (n = 10 for each group). Mice were anesthetized by pentobarbital and placed on a stereotaxic instrument with a motorized stereotaxic injector (Stoelting, Wood Dale, IL). A midline incision was made to expose the bregma. A hole in the skull was made by a drill 0.5 mm posterior to the bregma and 1.0 mm right to the midline. rAAV [2.5 × 10 10 vector genomes (vg) in 10 μl PBS/mouse] was injected unilaterally into the right ventricle at the depth of 2 mm at a rate of 1 μl/min. After allowing the needle to remain in place for 5 min, the needle was slowly raised at a rate of 0.1 cm/min. Control mice received the same amount of PBS. Three months after the rAAV injection, the experimental mice were terminated by a lethal injection of sodium pentobarbital to determine expression levels of scFv59 in the brain. An AD mouse model, B6.Cg-Tg(APPswe, PSEN1dE9) 85Dbo/J mice (TgAPPswe/PS1dE9 mice) [17] purchased from Jackson Laboratory, was used to study the therapeutic effects of intracerebroventricular injection of the optimized rAAV-CAscFv59. Ten-month-old TgAPPswe/PS1dE9 mice (n = 10, 8 mice for histochemical analyses and 2 mice for western blot analysis of scFv59 expression) were subjected to a single injection of rAAV5-CAscFv59 (3.0×10 10 vg/mouse) into the right lateral ventricle as described above. As controls, age-and sex-matched TgAPPswe/PS1dE9 mice received the same amount of rAAV5-CAscFv-Gag (n = 8) or PBS (n = 10). Five months after the rAAV injection, the experimental animals were terminated to determine the therapeutic effects of the treatment. All animal protocols used for this study were prospectively reviewed and approved by the Institutional Animal Care and Use Committee of the University of Illinois College of Medicine at Peoria.
Murine CSF isolation
Cerebrospinal fluid (CSF) was isolated from the cisterna magna compartment using the method described by DeMattos et al. [18] . Mice were anesthetized by pentobarbital and fixed facedown on a narrow platform. An incision was made from the top of the skull to the dorsal thorax. The musculature from the base of the skull to the first vertebrae was carefully removed to expose the meninges overlying the cisterna magna. The surrounding area was gently cleaned with 1x PBS using cotton swabs to remove any residual blood or other interstitial fluid. The arachnoid membrane covering the cistern was punctured with a 29 gauge insulin syringe. A polypropylene narrow bore pipette was immediately placed in the hole to collect CSF. As the primary CSF exiting the compartment was collected, a second collection was performed after the cistern was refilled within 2 min. About 10 to 15 μl CSF was collected from each mouse.
Quantification of CSF Aβ by ELISA
Aβ levels in CSF were quantified by the Aβ 42 and Aβ 40 enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
Immunohistochemical and histochemical analyses
Mice were deeply anesthetized with pentobarbital and cardinally perfused with cold PBS followed by 4% paraformaldehyde. The brains were quickly removed and fixed in 4% paraformaldehyde for 16 h. The brains were then stored overnight in 30% sucrose in 0.1M PBS and frozen in Tissue-Teck optimal cutting temperature compound. For C57BL/6 mice, frozen sections (5 μm thick) were prepared and subjected to immunohistochemical and TUNEL staining. The brain sections were immunostained with anti-FLAG M2 monoclonal antibody (scFv contains Flag sequences as a marker) (Sigma, St. Louis, MO) for detection of scFv59. Neuroinflammation was detected by staining the brain sections with rat anti-mouse CD11b, rat anti-mouse CD45, rabbit anti-mouse GFAP antibodies (Serotec, Oxford, UK) and rabbit anti-ionized calcium binding adaptor molecule 1 (Iba1) antibody (Wako, Richmond, VA). The avidin-biotin immunoperoxidase method was carried out for immunohistochemistry using Vectastain ABC kit (Vector, Burlingame, CA) and 3,3′diaminobenzidine as previously described [19] . For the negative control, slides were processed without primary antibody. For TgAPPswe/PS1dE9 mice, coronal sections (35 μm thick) of the brains were cut on a freezing-stage cryotome and kept in 0.1 M PBS at 4°C. Sections were subjected to immunohistochemical, histochemical, and TUNEL staining. For immunohistochemistry, free floating immunohistochemistry was performed using avidinbiotin immunoperoxidase method (Vector). Endogenous peroxidase was eliminated by treatment with 1% H 2 O 2 /10% methanol Tris-buffered saline (TBS) for 60 min at room temperature. After washing with 0.1 M Tris buffer (pH 7.5) and 0.1 M TBS (pH 7.4), sections were blocked with 5% normal serum (from the same animal species in which the secondary antibody was made) in 0.1M TBS with 0.5% triton-X-100 (TBS-T) for 60 min at room temperature to prevent non-specific protein binding. The sections were then incubated with primary antibodies as described above in TBS-T for 18-48 h at 4°C. For detection of Aβ, Aβ 40 and Aβ 42 , sections were similarly incubated with 6E10, Aβ 40 -and 42 -specific monoclonal antibodies, respectively (Signet). The sections were rinsed in 0.1 M TBS and incubated with biotinylated secondary antibodies in 2% serum TBS-T for 2 h at room temperature. Finally, the avidin biotin peroxidase method using 3,3′-diaminobenzidine as a substrate (Vector) was performed. This staining protocol was optimized for detection of amyloid plaques without labeling intracellular AβPP. For the negative control, slides were processed without primary antibody. Some sections were counterstained with hematoxylin.
For detection of possible cerebral hemorrhages that may be associated with scFv treatment, Prussian blue reaction was carried out on brain sections using an Iron Stain kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's protocol.
Histomorphometry for quantification of amyloid deposits and reactive/activated glial cells was performed using an Olympus BX61 automated microscope, Olympus Fluoview system and the Image Pro Plus v4 image analysis software (Media Cybernetics, Silver Spring, MD) capable of color segmentation and automation via programmable macros. Five to seven coronal brain sections, each separated by an approximately 400 μm interval, starting at 1.3 mm posterior to the bregma to caudal, from each mouse were analyzed. Both neocortex and hippocampus were found in all the brain sections and analyzed separately. Stained areas were expressed as a percentage of total neocortex or hippocampus, respectively. Quantitative analysis of vascular amyloid was performed on 6E10-stained sections. The total pixels of Aβ-positive vessels were counted and calculated as per mm 2 of the hippocampal area. Data were expressed as mean ± standard error of the mean (SEM) as a bar graph.
TUNEL assay to detect apoptosis
To investigate cytotoxicity possibly associated with the therapeutic modalities, brain sections were subjected to Terminal (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) assay using the In situ Cell Death Detection Kit (Roche Biochemicals, Indianapolis, IN) according to the manufacturer's protocol. Slides were analyzed using an Olympus BX61 automated microscope, Olympus Fluoview system.
Immunoblotting for detection of scFv in the CSF and brain
Hippocampal and neocortex homogenates (50 μg) or CSF samples (10 μl) were mixed with 5 x sample buffer (final concentration: 60mM Tris-HCl, 2% SDS, 10% glycerol, 0.001% bromphenol blue, pH: 6.8) and heated at 100°C for 5 min. Samples were subjected to 10-20% Tris-HCl gradient SDS-PAGE and electrotransferred to polyvinylidine difluoride (PVDF) membranes (Millipore, Bedford, MA). scFvs on the membranes were detected using anti-flag biotinylated M2 monoclonal antibody (Sigma) and then visualized by an enhanced chemiluminescence system (Amersham, Arlington Heights, IL) according to the manufacturers' protocol.
Determination of anti-scFv antibody titers in sera
Two and five months after the intracerebroventricular injection of rAAVs, blood samples were collected to determine levels of anti-scFv antibodies which were possibly raised in mice subjected to rAAV5-CAscFv59 injection. Briefly, approximately 100 μl of blood per mouse was taken from the tail vein and incubated at room temperature for 1 h then transferred to 4°C. After overnight incubation, blood was centrifuged at 12,000 × g for 30 min and serum was stored at −80°C and thawed at the time of assay. ELISA was carried out to determine titers of anti-scFv antibodies. Briefly, 96-well plates were coated with 500 ng purified scFv59 per well at 4°C overnight, followed by incubation with blocking buffer (1x PBS containing 0.5% BSA, 0.05% Tween-20 and 5% goat serum) at room temperature for 1 h. Then, diluted serum samples (1:50) were added to microtiter wells and incubated at 4°C overnight. The next day, the microplates were washed 5 times using washing buffer (1x PBS containing 0.05% Tween-20), and then incubated with HRP-conjugated secondary antibody at room temperature for 1 h. The microplates were then washed with washing buffer 5 times followed by incubation with 3,3′,5,5′-tetramethylbenzidine (TMB) (Kirkegaard & Perry Laboratories Inc., Gaithersburg, MD) for 15 min to allow the development of the color. The reaction was stopped by adding 100 μl of 1 N H 2 SO 4 . The optic densities were determined at 450 nm using a Microplate Reader. Serial dilutions of anti-FLAG M2 antibody were used as standard to determine titers of anti-scFv antibodies.
Statistical analysis
Data were expressed as mean ± SEM. Analysis of variance (ANOVA) and two-tailed Student's t-test were used to determine the intergroup significant difference, except for hemorrhage frequencies where chi-square analysis was used. P < 0.05 was considered statistically significant.
RESULTS
Transduction efficiency of rAAV serotype 1, 2, and 5 in the brain by intraventricular injection in adult C57BL/6 mice
Three serotypes of rAAV (1, 2 and 5) encoding scFv59 were tested in adult C57BL/6 mice to determine the optimal rAAV serotype for intracranial delivery of anti-Aβ scFv. The rAAV-CAscFv59 vectors [2.5 × 10 10 vector genomes (vg)/ventricle] were injected into the right ventricle with the purpose of distributing rAAV to broader areas in the brain by CSF flow for widespread transduction. In the rAAV-CAscFv59 vectors, cDNA for scFv59 was placed under the control of cytomegalovirus enhancer/β-actin promoter [14] . Three months after injection, the mice were euthanized to evaluate the transduction efficiency of each rAAV serotype. The brain sections were subjected to immunohistochemistry using anti-FLAG M2 antibody to visualize expressed scFv59 (scFv59 contains the Flag sequence as a marker).
In the brains of rAAV1-and rAAV5-injected mice, widespread high expression of scFv59 was observed throughout the hippocampi and partly in the neocortexes along the ventricles and hippocampi in both hemispheres in 9 out of 10 experimental mice for both groups (Figure 1b, d ). Not only cell bodies but also the neuropil of hippocampi and neocortexes were heavily stained with anti-FLAG M2 antibody, suggesting secretion of scFv59 from cells. Even though rAAV1 and rAAV5 were injected into only the right ventricle, their staining patterns appeared to be symmetrical (Figure 1b, d ), suggesting a systemic spread of rAAV through CSF flow and/or neuronal pathways in the brain.
In the brains of rAAV2-injected mice, expression of scFv59 was limited mostly to a small part of the hippocampus (Figure 1c ). Only 4 out of 10 mice subjected to AAV2 injection showed such positive staining, including 2 mice in which scFv59 expression was found in both hemispheres.
rAAV1-mediated scFv 59 brain delivery causes microglial activation and apoptosis in C57BL/6 mice
High levels of neural scFv expression may be cytotoxic and activate glial cells. For example, overexpressed scFv may cross-react with intracellular essential components in certain signaling pathways or specifically deplete the antigen, leading to altered cell metabolism, apoptosis and/or inflammatory responses. To assess cytotoxicity and inflammation potentially associated with AAV-mediated brain expression of scFv59, brain sections were subjected to TUNEL assay and immunohistochemistry, respectively, using anti-GFAP antibody for reactive astrocytes and anti-CD11b, CD11c and CD45 antibody for activated microglia/monocytes.
No cell death was detected by TUNEL in the brains subjected to rAAV2, rAAV5 and PBS injection (Figure 1e , g, h). In contrast, TUNEL-positive cells were scattered in the hippocampi of mice subjected to rAAV1 injection (Figure 1f ), indicating that rAAV1mediated scFv59 expression is harmful to hippocampal cells. In line with these observations, CD11b-immunoreactive cells were found in the hippocampi of rAAV1-injected mice ( Figure 1j ) but not in PBS-, rAAV2-and rAAV5-injected mice (Figure 1i , k, l), suggesting inflammation in response to apoptotic cells. No difference, however, was found in CD11c, CD45 and GFAP immunoreactivity in the brain between any groups including PBS-injected mice (data not shown).
Thus, extensive, high expression of scFv59 was achieved throughout the hippocampus and partly in the neocortex by unilateral intraventricular injection of rAAV1 and rAAV5. Because rAAV1-mediated expression of scFv59 was associated with apoptosis and activated microglia, rAAV5 was selected for testing the therapeutic efficacy of scFv59 in an AD mouse model.
High scFv59 expression via rAAV5 in the hippocampus inTgAPPswe/PS1dE9 mice
TgAPPswe/PS1dE9 mice (an AD mouse model) start to develop Aβ deposits in the brain between 4 and 5 months of age and have numerous amyloid plaques at 10 months of age. Therefore, rAAV5 encoding scFv59 (3 × 10 10 vg/mouse), rAAV5-CAscFv59, was injected into the right lateral ventricle of 10-month-old TgAPPswe/PS1dE9 mice to evaluate the therapeutic efficacy of rAAV5-mediated scFv59 expression in the brain. As controls, ageand sex-matched TgAPPswe/PS1dE9 mice were similarly injected with PBS or rAAV5 encoding scFv-Gag, rAAV5-CAscFv-Gag. scFv-Gag specifically immunoreacts with HIV-1 Gag [14] .
Five months after injection, expression levels of scFv59 in the brain and CSF were determined by immunohistochemistry and western blotting, respectively, using anti-FLAG M2 antibody. By immunohistochemistry, widespread high expression of scFv59 or scFv-Gag was observed in the hippocampi in both hemispheres in rAAV5-injected mice (Figure  2b, c) . Strong immunoreactivity for scFv was found in both neuronal cell bodies (Figure 2d ) and the neuropil (Figure 2e ) in the hippocampus, suggesting intracellular accumulation of scFv as well as scFv secretion from the cells, respectively. The staining of the neocortex however, was less intense than that of the hippocampus (Figure 2b, c) . By western blotting, scFv59 was identified as an approximately 30 kDa fragment in the CSF from TgAPPswe/ PS1dE9 mice subjected to rAAV5-CAscFv59 injection (Figure 2f ). By comparison with the intensity of purified scFv59 (10 ng) on the western blot, levels of scFv59 expression in the CSF were estimated to be approximately 1 ng/μl (~30 nM). In the hippocampus, scFv59 was identified as 30-35 kDa fragments (Figure 2g ) and estimated to be 1-2 ng/μg protein by the same method. In the neocortex, however, scFv59 was undetectable by western blotting.
rAAV5-mediated scFv59 brain delivery reduces Aβ load in the hippocampus in TgAPPswe/ PS1dE9 mice
To determine the efficacy of rAAV5-mediated scFv59 expression in reducing Aβ load in the brain, Aβ deposits were detected by immunohistochemistry using anti-Aβ 6E10 antibody and quantified by morphometry (Figure 3a-d) . The amyloid load was expressed as the percentage of area showing Aβ immunoreactivity. The average Aβ loads in hippocampus were 0.39 ± 0.09, 0.65 ± 0.15 and 0.70 ± 0.06% for mice subjected to rAAV5-CAscFv59, rAAV5-CAscFv-Gag and PBS injection, respectively (Figure 3d ). Thus, rAAV5-CAscFv59 injection reduced the Aβ load in the hippocampus by approximately 45% as compared with PBS injection (P = 0.01, n = 8 for each group). In the neocortex, the average amyloid load in rAAV-CAscFv59-injected mice (1.14 ± 0.15%) was less than those in rAAV-CAscFv-Gaginjected (1.32 ± 0.18%) and PBS-injected (1.30 ± 0.15%) mice but the difference was not significant (scFv59 vs. PBS, P = 0.1).
Because rAAV-CAscFv59 injection reduced the average Aβ load in the hippocampus but not in the neocortex by 6E10 immunoreactivity, we further investigated hippocampal Aβ loads by Aβ 40 and Aβ 42 C-terminal-specific antibodies. rAAV-CAscFv59 injection also reduced the average Aβ 42 load in the hippocampus (0.20 ± 0.028% for rAAV-CAscFv59 and 0.30 ± 0.034% for PBS, P < 0.05) (Figure 3e-g) . rAAV-CAscFv59 injection tended to reduce Aβ 40 loads in the hippocampus (0.18 ± 0.025%) compared to PBS injection (0.23 ± 0.034%) but the difference was not significant.
Lack of reactive gliosis associated with rAAV5-mediated scFv59 expression in the hippocampus in TgAPPswe/PS1dE9 mice
The Aβ load in the hippocampus reduced in rAAV5-CAscFv59-injected mice compared with PBS-injected mice but did not reduce it in the neocortex. We determined if the decrease in the Aβ load in the hippocampus was associated with alterations in glial activation using immunohistochemistry. Reactive astrocytes were immunostained with anti-GFAP antibody and activated microglia and infiltrating leukocytes were detected by anti-CD11b and CD45 antibody, respectively. Representative micrographs of the hippocampus from TgAPPswe/ PS1dE9 mice subjected to rAAV5-and PBS-injection are shown in Supplementary Figure  1a -c for CD11b, Supplementary Figure 2a -c for CD45 and Supplementary Figure 3a -c for GFAP. Gliosis was expressed as the percentage of area showing immunoreactivity ( Supplementary Figure 1d for CD11b, Supplementary Figure 2d for CD45 and Supplementary Figure 3d for GFAP). Morphometric analysis of the immunostaining revealed no differences in immunoreactivity for GFAP, CD11b, and CD45 between any groups.
rAAV5-mediated scFv59 brain delivery alters the Aβ 40 :Aβ 42 ratio in CSF in TgAPPswe/ PS1dE9 mice scFv59 was found in the CSF of rAAV5-CAscFv59-injected mice and may affect Aβ metabolism in the CSF. Therefore, levels of Aβ in CSF were determined by the Aβ40-and Aβ42-specific ELISAs (Figure 4 ). Aβ 40 levels in rAAV5-CAscFv59-injected mice (1.99 ± 0.41 ng/ml, n = 8) were similar to those in rAAV5-CAscFv-Gag-injected (2.03 ± 0.58 ng/ ml, n = 8) and PBS-injected (2.39 ± 0.51 ng/ml, n = 8) mice. CSF Aβ 42 levels in rAAV5-CAscFv59-injected mice (0.55 ± 0.1 ng/ml) are approximately 40% higher than those in PBS-injected mice (0.39 ± 0.06 ng/ml) but this did not reach statistical significance (P = 0.1). Aβ 42 levels in rAAV5-CAscFv-Gag-injected mice (0.28 ± 0.08 ng/ml) were also lower than those in rAAV5-CAscFv59-injected mice (P = 0.04) but not different from those in PBS-injected mice. The Aβ 40:42 ratio in CSF was significantly lower in rAAV5-CAscFv59injected mice (3.94 ± 0.6) than that in rAAV5-CAscFv-Gag-injected (7.14 ± 1.11, P = 0.02) and PBS-injected (6.37 ± 0.97, P < 0.05) mice (Figure 4 ).
rAAV5-mediated scFv59 brain delivery may cause cerebral hemorrhages
To study cytotoxicity possibly associated with expression of scFv59 via rAAV5, brain sections from TgAPPswe/PS1dE9 mice subjected to rAAV5-CAscFv59-, rAAV5-CAscFv-Gag-and PBS-injection were evaluated by TUNEL assay 5 months after the injection. For each mouse (n = 8 for each group), 5 coronal brain sections separated by consecutive ~400 μm, starting at the injection site (0.5 mm posterior to the bregma) toward the caudal direction were analyzed. No difference was seen among the treatment groups in TUNEL labeling (data not shown), suggesting that therapeutic expression of scFv59 is not toxic to cells.
Because anti-Aβ immunotherapy was reported to cause cerebral microhemorrhages in AD mouse models and a patient with AD, possible cerebral hemorrhage was investigated by iron staining. Brain sections from the 3 mouse groups were analyzed as described in the TUNEL assay above except that 7 coronal brain sections from each mouse were analyzed. Scattered stains along with the needle tracks at the injection sites were found in several mice in all experimental groups even 5 months after the injection (Figure 5a ). Hemorrhages associated with blood vessels were rare but clearly detected in 2 mice subjected to rAAV5-CAscFv59injection: one in the hippocampus and another along the corpus callosum (Figure 5b ). Proximal to the hemorrhage sites, strong, circumferential Aβ immunoreactivity was found in blood vessels (Figure 5c, d) . Hemorrhages and circumferential Aβ-positive blood vessels in the hippocampus and corpus callosum were not found in PBS-and rAAV5-CAscFv-Gag-injected mice. Hemorrhages associated with Aβ immunotherapy are often accompanied by an increase in cerebral amyloid angiopathy (CAA) [10, [20] [21] [22] . Aβ-immunoreactive blood vessels were quantified by morphometry. On average, rAAV5-CAscFv59-injected mice (165 ± 76 pixels/mm 2 ) had a two-fold increase in average signal intensity of hippocampal Aβ-immunoreactive blood vessels compared with PBS-injected mice (82 ± 55 pixels/mm 2 ) but the difference was not significant due to large individual variation (Figure 5e ). The statistical significance of the hemorrhages in mice treated with rAAV5-CAscFv59 (n = 8) was compared with the other groups (n = 16) using the chi-squared test. This trend of hemorrhage in rAAV5-CAscFv59-injected mice did not reach statistical significance (P = 0.06). Thus, expression of scFv59 in the brain may cause isolated cerebral hemorrhages and an increase in Aβ deposits in the focal blood vessels.
Lymphocytic and macrophage infiltration was not observed in the brains of any mouse groups, indicating that rAAV-mediated scFv59/scFv-Gag delivery did not cause meningoencephalitis. Small areas of mild gliosis were found along the needle tracks in all groups including PBS-injected mice.
Anti-scFv59 antibodies induced by rAAV5-mediated scFv59 expression in the brain are negligible scFv59 was derived from a human antibody phage library and may induce immune responses in mice leading to inactivation of scFv59. To determine whether intracerebroventricular injection of rAAV5-CAscFv59 results in anti-scFv59 antibody production, blood was obtained from TgAPPswe/PS1dE9 mice subjected to rAAV5-CAscFv59-injection and the titers were quantified by ELISA. Out of 8 mice, 4 mice had anti-scFv59 titers in their blood ranging from 3 to 91 ng/ml 5 months after the injection ( Figure 6 ). Thus, anti-scFv59 antibodies were discernible in some mice after rAAV5-CAscFv59 treatment. Their titers, however, were very modest and appeared to have insignificant effects on inactivating scFv59, which was estimated to be approximately 1 μg/ ml in the CSF.
DISCUSSION
It is possible to achieve widespread neuronal transduction and long-term expression of a transgene in the brains of rodents by injecting rAAV1 vectors into the lateral ventricles of neonatal mice [23] [24] [25] . Unilateral injection of rAAV1 and rAAV5 into the striatum on neonatal rats induced unilaterally widespread brain transduction and rAAV5 produced more widespread transgene expression than rAAV1, particularly in the hippocampus and septum [26] . The efficacy of transduction is largely influenced by titers of viral vectors and promoters that drive transgenes. However, it is difficult to obtain widespread neuronal transduction in adult rodents, which is essential to testing the therapeutic efficacies of gene delivery in adult rodent models of certain diseases, including AD. When striatum injection of rAAV serotype 1-6 vectors was tested in the primate brain, AAV5 was the most efficient vector, capable of transducing significantly more cells than any other serotypes [27] . In line with this observation, rAAV5 has been shown to be more efficient than rAAV1 in brain transduction in adult mice when injected into the striatum [28] .
A comparative evaluation of brain transduction efficacy by unilateral ventricular injection of these AAV serotypes has not been conducted. Therefore, we have tested for brain transduction efficacies of these vectors by delivering rAAV serotype 1, 2 and 5 into the right lateral ventricle of adult mice. Our results demonstrate that strong expression of scFv59 was achieved equally among rAAV1 and rAAV5 injection throughout the hippocampus and partly in the frontal and parietal cortex next to the hippocampus. We also show that the expression pattern of scFv59 was symmetrical in both hemispheres although they were unilaterally injected. The symmetrical expression pattern may be due to distribution of rAAV vectors to broader areas in the brain by CSF flow. Alternatively, transportation of rAAV along neuronal pathways in the corpus callosum may lead to the symmetrical expression pattern.
Expression of scFv in animals may induce production of antibodies against scFv resulting in neutralization of scFv. rAAV5-mediated scFv59 delivery to the brain elicited very modest antibody titers (less than 0.7 nM) against scFv59 in a minor subset of mice. Because 1% or less antibodies in the circulation can cross BBB [7, 29] and because the estimated concentration of scFv59 in CSF is 30 nM, the neutralizing activity of the induced antibodies against scFv59 is negligible.
Previous studies have shown that intracranial delivery of anti-Aβ scFvs via rAAV1 or rAAV2 was effective in reducing cerebral Aβ load and/or improving learning deficits in AD mouse models [14, [30] [31] [32] [33] . No adverse effect was noted in these studies. In contrast, scFv59 delivery to the brain by rAAV1 in the present study induced scattered apoptosis and microglial activation mostly in the hippocampus. The patterns and degree of scFv59 expression in the brain via rAAV1 and rAAV5 were similar, but rAAV5-mediated expression did not induce such adverse effects. The molecular mechanism of the adverse effects remains to be elucidated. Because expression of green fluorescent protein, a widely used, nontoxic marker protein, via rAAV1 and rAAV5 is associated with cytotoxicity in cultured neural cells at high doses [34, 35] and because differences in cell tropism between rAAV1 and rAAV5 have been reported [26, 27, [34] [35] [36] [37] , it is possible that certain types of cells that are selectively transduced by rAAV1 are vulnerable to a high concentration of scFv59. Alternatively, since rAAV1 reaches peak expression faster than rAAV5 (for example, within 4 days vs. 14 days, respectively) [37, 38] , certain cell types may be unable to adapt to rapid changes in protein synthesis, resulting in apoptosis and microglial activation.
rAAV5-mediated scFv59 delivery significantly reduced Aβ 42 load in the hippocampus but a decrease in Aβ 40 load was not significant (Figure 3e-g) . A preferential reduction of insoluble Aβ 42 has been reported when scFv against Aβ (Aβ-scFv) was delivered to the hippocampus of an AD mouse model via rAAV1, also [33] . The reasons for the preferential reduction in Aβ 42 are not clear. Both scFv59 and Aβ-scFv were isolated by screening human scFv phage libraries for Aβ 42 immunoreactivity, appeared to recognize conformational epitopes instead of linear epitopes of Aβ 42 , and inhibited Aβ 42 -mediated cytotoxicity [13, 33] . Therefore, their characteristics in common may be responsible for the preferential reduction in Aβ 42 . Another possible reason is that the difference in Aβ 42 load is more discernible than that in Aβ 40 load because the amounts of insoluble Aβ 42 deposits are much larger than those of insoluble Aβ 40 deposits in the brains of these AD mouse models [33, 39] .
Human clinical trials of Aβ immunization (AN1792) and passive immunization induced microhemorrhages and vasogenic edema in the cerebral blood vessels in an AD patient and some AD mouse models. Such hemorrhages were associated with an increase in blood vessel Aβ deposits (cerebral amyloid angiopathy, CAA) [10, [20] [21] [22] . CAA is recognized as a cause of brain hemorrhage, and Aβ deposits in CAA are thought to induce degeneration of smooth muscles and weaken blood vessel integrity [40] . We found cerebral hemorrhages in 15-month-old TgAPPswe/PS1dE9 mice subjected to rAAV5-CAscFv59 injection, which were closely associated with strong, circumferential Aβ-positive blood vessels. Neither hemorrhages nor circumferential Aβ-positive blood vessels were found in the other 2 groups. Thus, our mouse models of AD may be useful to recapitulate the side effects of anti-Aβ immunotherapy. No hemorrhage was reported in previous studies where anti-Aβ scFv was delivered into the brain via rAAV [14, 24, [31] [32] [33] . The discrepancy may be due to (1) prophylactic application of anti-Aβ scFv prior to buildup of Aβ plaques, thereby eliminating relocation of parenchymal Aβ deposits to the blood vessels, (2) the younger age of mice used in the previous studies, at which hemorrhages are too infrequent, (3) use of rAAV2, which may enable only limited scFv accumulation or only region-specific scFv accumulation, thereby precluding damage to the vessels, and/or (4) differences in scFv molecular characteristics, including differences in epitopes recognized by the different scFv constructs and their ability to form potentially harmful multimers. One of the mechanisms explaining the increased hemorrhage after anti-Aβ immunotherapy is that Aβ in parenchymal amyloid plaques is solubilized by anti-Aβ antibody and focally relocated to the blood vessels [41, 42] . In support of this view, Aβ deposits in CAA increased only in the specific brain area where the highest extent of parenchymal amyloid plaque clearance was observed [41, 43] . We also did not observe a global increase in Aβ deposition in the blood vessels, further supporting this mechanism. Furthermore, Nicoll et al. [44] recently demonstrated that formation of IgG immune complexes in the blood vessel walls enhanced the accumulation of substances solubilized from the extracellular space and proposed this process as the mechanism of the increased CAA after Aβ immunotherapy. Although scFv constructs are devoid of the Fc region found in IgG, scFv-Aβ immune complexes may increase accumulation of solubilized Aβ in the blood vessels by a similar mechanism. Moreover, certain scFv constructs can form large, noncovalent multimers by unintended intermolecular pairing of the variable domains [45] , and immune complexes containing the large multimers can be conceived to be detrimental to the physical integrity of the vessels. One of mechanisms proposed for hemorrhages associated with CAA is inflammatory responses including reactive astrocytes and activated microglia. We, however, did not find increases in reactive astrocytes immunoreactive to GFAP and activated microglia/ macrophages immunoreactive to CD11b, CD45, and Iba1 (data not shown) in the vicinity of blood vessels in the hippocampi of rAAV5-CAscFv59-injected mice compared with PBSinjected mice. Our results are consistent with the concept that Fc-mediated activation of microglia/macrophages is not the sole event in Aβ immunotherapy leading to hemorrhage [46] .
Transgenic mice carrying a mutant form of AβPP found in hereditary cerebral hemorrhage with amyloidosis-Dutch type have a high Aβ 40:42 ratio in brain parenchymal tissue and develop extensive CAA with few parenchymal amyloid plaques [47] . The ε4 allele of apolipoprotein E (apoE) is a risk factor for CAA as well as AD. Interestingly, Tg2576 mice carrying a targeted replacement of the apoE gene with the human apoE4 allele develop substantial CAA with very few parenchymal amyloid plaques and have an elevated ratio of Aβ 40:42 in brain extracellular pools and a lower Aβ 40:42 ratio in CSF [48] . Thus, a higher Aβ 40:42 ratio in the brain parenchyma has been hypothesized to favor the formation of CAA over parenchymal plaque pathology. Although we did not quantify the Aβ 40:42 ratio in the brain parenchyma, the mouse group subjected to rAAV5-CAscFv59 injection had a lower Aβ 40:42 ratio in CSF compared to the other two groups. Thus, anti-Aβ antibodies that increase the Aβ 40:42 ratio in the parenchymal tissue and decrease it in CSF may exacerbate CAA and cerebral hemorrhage.
Mouse models of AD have been criticized recently because of their failure to predict side effects found in the clinical trials. Our results suggest that rAAV-mediated delivery of genetically modified antibodies against Aβ to various tissues and cells in AD models can be useful for systematic evaluation of the mechanisms underlying Aβ clearance by anti-Aβ immunotherapy and its side effects such as hemorrhage and inflammation. The finding of cerebral hemorrhages associated with rAAV-mediated anti-Aβ antibody delivery raises concerns because the vast majority of AD patients have CAA, and hemorrhages associated with CAA can be detrimental to AD patients [40] . Our studies indicate that rAAV5-mediated therapeutic delivery of anti-Aβ scFv reduced Aβ load in the hippocampus but was associated with a lower Aβ 40:42 ratio in CSF, a focal increase in blood vessel Aβ deposits, and cerebral hemorrhages. Thus, while Aβ immunotherapy remains promising, caution should be exercised when rAAV-mediated anti-Aβ immunotherapy is applied. Finding new strategies to minimize the side effects of immunotherapy is advisable. Recently, catalytic antibodies that permanently degrade Aβ without forming stable immune complexes have been described [49] . Such catalysts hold the potential of Aβ immunotherapy while minimizing the risk of hemorrhages.
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Figure 1. Optimization of scFv59 expression in the brain via rAAV serotype 1, 2, and 5 and their possible cytotoxicity in mice
Three serotypes of rAAV (1, 2, and 5) encoding scFv59 were injected into the right lateral ventricle of C57BL/6 mice and, 3 months after injection, scFv59 expressed in the brain was visualized by immunohistochemistry using anti-FLAG M2 antibody (scFv59 contains the FLAG sequence as a marker). (a) PBS-injected mice were used as negative controls. No staining is observed in PBS-injected mice. (b) Widespread, symmetrical expression of scFv59 is seen in both sides of the neocortex and the hippocampus in mice injected with rAAV1-CAscFv59. (c) Expression of scFv59 is limited mostly to a small part of the right hippocampus in mice subjected to rAAV2-CAscFv59 injection. (d) Widespread, Two and five months after intraventricular injection of rAAV5-CAscFv59, sera were collected and anti-scFv59 IgG titers were determined by ELISA. Each anti-scFv59 titer from each TgAPPswe/PS1dE9 mouse subjected to rAAV5-CAscFv59 injection is shown.
